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Les systemes robotiques modernes sont generalement des machines mecaniquement rigides 
et controlees en position. Cette conception, bien que coherente avec une recherche de 
performance en controle du mouvement, limite I'applicabilite aux environnements 
structures et securises. Pour que leur domaine d'application puisse s'etendre aux 
environnements partiellement inconnus, dynamiques ou anthropiques, des capacites 
d'interaction physique accrues sont necessaires. Dans ce contexte, repondre aux exigences 
de securite, de robustesse et de polyvalence represente un defi, entre autres parce que les 
performances des technologies d'actionneur communement disponibles ne sont pas 
adequates. 
Pour adresser cette problematique, ce memoire propose une solution technologique basee 
sur I'usage synergique d'un moteur electromagnetique et de deux freins 
magnetorheologiques. Le moteur agit comme source de vitesse et fourni la puissance 
mecanique. Les deux freins dirigent ce flux de puissance en controlant Tamplitude et la 
direction du couple applique en sortie. Cette approche decouple la sortie de I'actionneur du 
moteur, permettant une impedance (inertie et friction) de sortie tres faible. Elle permet 
egalement un controle en force relativement precis a haute bande passante. A I'aide de 
I'information de position de la sortie, elle permet egalement de realiser des interactions 
complexes de fa?on securitaire et performante. 
Dans ce memoire, le concept et la realisation de prototypes sont presentes. Les 
performances de controle de force, d'interaction et de mouvement sont illustrees et 
discutees. Ces resultats indiquent des performances relativement uniques qui valident le 
potentiel de I'actionneur pour repondre a la problematique decrite. Une suite possible a ce 
projet serait la revision du prototype en vue d'optimiser des parametres tels que la densite 
de couple, le cout de fabrication et la robustesse. II s'agirait ensuite de tester I'actionneur 
dans un systeme robotique effectuant une tache choisie. 
La technologie developpe au cours de la maTtrise et decrite dans ce memoire fait I'objet 
d'une demande de brevet international (protocole PCT) [Fauteux et al., 2009b], 
Mots-cles: actionneur, controle en force, controle d'interaction, interactions humain-robot, 
actionneur basse impedance. 
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CHAPITRE 1. INTRODUCTION 
La robotique de service deviendra, selon plusieurs experts du domaine, une force 
economique majeure des pays industrialises [Hirzinger et al., 2001]. Cependant, malgre des 
dizaines d'annees de developpement, ces systemes tardent toujours a occuper une place 
significative dans le quotidien de la population [Buerger, 2005]. 
Les systemes robotiques modernes sont des merveilles de rapidite et de repetabilite. lis 
executent avec aisance des taches de positionnement qui requierent une puissance et une 
precision souvent tres superieures a celles d'un travailleur. 
Malgre cela, ces systemes demeurent aujourd'hui confines aux environnements controles ou 
ils effectuent des taches extremement specifiques et repetitives. lis parviennent difficilement 
a effectuer un ensemble de taches qui requierent une interaction controlee comme sabler, 
polir ou assembler. Et, bien que des dizaines dupl icat ions economiquement interessantes 
de taches synergiques homme-robot aient ete identifies (therapie physique, haptique, tele-
operation, assistance a la chirurgie, enseignement de taches manuelles et motorisation de 
protheses), peu ont ete realisees avec succes. Enfin, les systemes robotiques peinent dans 
des taches biomimetiques aussi variees qu'attraper une balle, saisir une piece fragile, ouvrir 
une porte, reorienter une piece dans la main, nager, courir ou sauter. 
Depuis une vingtaine d'annees, des groupes de chercheurs du domaine tentent d'identifier 
et de reviser les paradigmes de conception qui rendent les systemes robotiques modernes 
inaptes a interagir de fa?on securitaire, robuste et polyvalente avec des environnements 
varies et avec les humains. Ces efforts ont mene a la formulation de nombreux outils de 
controle. Malgre cela, certaines des caracteristiques des actionneurs classiques retardent le 
developpement de la robotique d'interaction. 
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En reponse a cette problematique, I'objet de la demarche documentee dans ce memoire est 
la conceptualisation et la realisation d'une nouvelle configuration d'actionneur dont les 
performances sont plus coherentes avec les requis de ce nouveau contexte. La solution 
technologique proposee et decrite dans ce document est nommee Actionneur a Double 
Differentiel Rheologique (ADDR). Elle repose sur I'usage synergique d'un moteur 
electromagnetique et de deux freins magnetorheologiques pour permettre I'atteinte d'une 
combinaison de haute densite de couple, de faible impedance intrinseque, de haute bande 
passante et de precision dans la generation de couple. 
Le present document comporte 4 chapitres. Le premier chapitre introduit brievement la 
problematique et I'objectif principal de la recherche. Le second chapitre presente les 
definitions d'actionneur, d'impedance et d'admittance en tant que cadre de reference. II 
discute ensuite des limitations des actionneurs conventionnels puis des alternatives 
proposees dans la litterature. Le troisieme chapitre discute a nouveau du contexte de la 
robotique d'interaction et en extrait des requis pour les actionneurs. II presente ensuite le 
concept d'ADDR et decrit sa mise en ceuvre dans un prototype. Les performances de ce 
prototype sont finalement evaluees en controle de force, d'interaction et de mouvement. Le 
texte de ce chapitre forme un article independant qui est en processus de revision en vue 
d'une publication dans le journal IEEE Transactions on Robotics. Le chapitre 4 effectue un 
retour critique sur la demarche et les resultats et discute des possibilites de travaux futurs. 
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CHAPITRE 2. ACTIONNEURS POUR L'INTERACTION 
Un actionneur peut etre decrit comme un dispositif mecatronique qui permet de modifier 
I'etat mecanique d'un systeme en modulant un flux d'energie entre le domaine mecanique 
et un autre domaine d'energie. La Figure 2.1 illustre cette definition. Les larges fleches 
indiquent les ports de puissance. Les echanges d'energie sont totalement decrits par deux 
variables conjuguees: I'effort (v) et le flux (/). Chaque domaine d'energie possede des 
equivalents. Dans le domaine mecanique, les termes force (F) et vitesse ( i ) sont utilises. Le 
signal (g) est la consigne qui module le passage d'energie. Un actionneur reel presente 
egalement une perte energetique (puissance dissipee sous forme thermiqueg). Un 
actionneur, tel que presente, est minimalement compose d'un modulateur d'energie pilote 
par le signal de controle et d'un transducteur. 





Figure 2.1: Schematisation d'un actionneur 
Un systeme d'actionneur ne peut pas imposer le flux et I'effort a la sortie de fa^on 
simultanee. II ne peut que tenter d'imposer I'un, I'autre ou une relation entre les deux. Le 
mot tenter est riche de sens, car I'application instantanee d'une vitesse est impossible etant 
donne la dynamique du systeme et les limitations de puissance de I'actionneur. De fa?on 
similaire, on ne peut pretendre controler parfaitement la force a la sortie, car la dynamique 
propre de I'actionneur, son impedance intrinseque, s'y oppose. 
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2.1 Impedance et admittance 
Les notions d'impedance et d'admittance sont centrales a la theorie des actionneurs et 
s'applique a toute interaction energetique. Ces termes ont d'abord trouve usage dans le 
domaine de I'analyse des circuits electriques. lis ont par la suite ete utilises pour quantifier la 
dynamique des systemes mecaniques passifs (ressorts, amortisseurs, etc.). Leur usage a 
finalement ete etendu a la dynamique de systemes mecaniques actifs. Pour un systeme actif; 
on parle d'impedance ou d'admittance apparente pour discuter de la dynamique per?ue. Si 
tous les elements actifs sont eteints, on retrouve la dynamique passive (ou en boucle 
ouverte) qu'on qualifie d'intrinseque. 
L'impedance (Z(s) dans le domaine de Laplace, ou s est I'argument complexe de Laplace) se 
definit comme le rapport de I'effort sur le flux tel que presente par I'equation 2.1. 
L'admittance (V(s)) est definie par le rapport du flux sur I'effort (equation 2.2). Dans le 
domaine lineaire, l'admittance est I'inverse de l'impedance. 
= (2.1) 
7(5) = . ^ (2.2) 
F(s) 
Les impedances et admittances d'entites mecaniques de base sont inscrites au Tableau 2.1. 
La friction de Coulomb est un exemple d'impedance non-lineaire et non-inversible. Une 
contrainte cinematique (une contrainte rigide sur la trajectoire admise) est, quant a elle, une 
admittance qui est egalement non-inversible. Les zones grisees correspondent aux 
definitions causales (celles qui respectent le principe selon lequel un derivateur ideal n'existe 
pas comme modele physique causal). 
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La majorite des environnements avec lesquels nous interagissons quotidiennement peuvent 
etre consideres comme inertiellement et cinematiquement contraints [Robinson, 2000]. On 
prefere done y referer en termes d'admittance. Pour etre complementaire, lorsqu'il sera 
question de robots ou d'actionneurs qui interagissent avec cet environnement, une notation 
d'impedance sera privilegiee [Hogan et al., 1985]. 





( • x / F ) 
Raideur ou elasticity 
K 
s ~K 













F = fiFn si x> 0 
F - ~/uFn si x < 0 
Non applicable 
Contrainte cinematique : 





s Non applicable 
Exemple: 
x = 0 V F 
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2.2 Requis des actionneurs pour ('interaction 
Un systeme robotique dedie a I'interaction physique dans des environnements partiellement 
inconnus, dynamiques ou anthropiques doit etre securitaire et robuste en raison des 
possibilites de collisions, qu'elles soient desirees ou non. De plus, en fonction de la tache, on 
souhaitera obtenir des performances suffisantes en termes de forces, de vitesses ou de 
polyvalence d'interaction. La conception de tels systemes peut etre facilitee par I'utilisation 
d'actionneurs adaptes possedant les caracteristiques suivantes, pour lesquels une discussion 
plus detaillee est presentee au chapitre 3 : 
1) Haute densite de couple. 
2) Basse impedance de sortie intrinseque. 
3) Haute bande passante de contrdle en force. 
4) Bonne precision dans le contrdle de la force. 
2.3 Limites des actionneurs conventionnels 
Les actionneurs conventionnels ne presentent pas simultanement de bonnes performances 
pour les quatre requis presentes. 
2.3.1 Moteurs electromagnetiques avec reducteur de vitesse 
Les moteurs electromagnetiques (EM) sont une technologie rependue. lis sont en effet 
responsables de plus de 50% de notre consommation electrique [Stolting, 2007], lis sont bien 
compris et modelisables. De plus, le domaine d'energie employe, I'electricite, est facilement 
compatible avec nos systemes de controle modernes. 
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Cependant, un moteur EM produit un couple generalement trop faible pour etre utilisable en 
robotique d'interaction. Le moteur doit en effet tourner a grande vitesse pour generer une 
densite de puissance et un rendement interessants. Un reducteur de vitesse devient 
necessaire. Malheureusement, une degradation considerable des aptitudes au controle 
d'interaction en resulte habituellement. Un reducteur (ideal) divise la vitesse par le rapport 
de reduction et multiplie d'autant le couple. La friction de Coulomb apparente a la sortie 
equivaut alors a celle du moteur multipliee par le rapport de reduction tandis que la friction 
visqueuse et I'inertie s'en trouvent multipliees par le carre de ce rapport. L'impedance 
intrinseque de sortie elevee qui en resulte va a I'encontre des besoins pour la securite et la 
polyvalence des interactions. Par rapport a un reducteur ideal, les reducteurs reels 
amplifient le probleme. Un reducteur a engrenages presente une friction non-lineaire, une 
dynamique elastique souvent non negligeable, des imperfections cinematiques et du jeu. 
Parfois, la friction est telle que le reducteur n'est pas reversible. 
Des reducteurs a cables ou a courroies se rapprochent souvent mieux du reducteur ideal, 
mais introduisent des phenomenes viscoelastiques et des modes de resonance basse 
frequence qui limitent les performances, lis sont aussi plus encombrants. 
2.3.2 Verins hydrauliques 
Les verins hydrauliques possedent la densite de force la plus elevee parmi les actionneurs 
classiques [Hollerbach et al., 1991], lis permettent des vitesses lentes et des forces elevees : 
ideal pour bien des systemes robotiques. 
L'impedance intrinseque est cependant tres grande. L'inertie du fluide incompressible et la 
friction des joints d'etancheite sont importants. En plus, les systemes traditionnels sont 
controles par des servovalves qui reglent le debit (variable flux) et qui sont done mal 
adaptees au controle de la force. 
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D'un point de vue pratique, les actionneurs hydrauliques requierent un systeme complexe et 
lourd avec pompe, accumulateur, filtres, valves et conduits qui rendent la technologie moins 
attrayante pour les applications robotiques de petite et moyenne puissance. 
2.3.3 Actionneurs pneumatiques 
Les verins pneumatiques utilisent, par opposition aux actionneurs hydrauliques, un fluide 
leger et compressible : I'air. Ce fluide peut etre puise et rejete dans I'environnement, ce qui 
limite la complexite des installations. Ces actionneurs ont I'avantage de presenter une faible 
impedance intrinseque (une faible resistance naturelle au mouvement). 
Malheureusement, la compressibilite de I'air limite considerablement la bande passante. 
Egalement, les effets thermodynamiques lors des compressions et decompressions 
complexifient le controle. La precision de la force est de plus limitee par la presence de 
friction indesirable aux joints d'etancheite et par des phenomenes de resonance de I'air. 
D'un point de vue pratique, a un degre moindre que les systemes hydrauliques, les 
actionneurs pneumatiques demandent un systeme complexe de pompe ou d'accumulateur, 
de valves et de conduits. 
Pour adresser ces limitations, des alternatives pneumatiques existent. Les muscles Mckibben 
sont des actionneurs pneumatiques formes d'une vessie qui se gonfle sous I'effet de la 
pression. Un maillage superpose transforme ce mouvement en une contraction similaire a 
celle d'un muscle. Aucun joint d'etancheite n'est necessaire. De plus, I'actionneur possede 
une densite de force sur masse superieure aux verins pneumatiques conventionnels. Les 
defauts de cette technologie sont la non-linearite et I'hysteresis de la generation de force 
ainsi que le faible ratio de contraction. De plus, ces systemes ne travaillent qu'en traction. La 
compagnie Airpot [Airpot corporation] offre une seconde alternative. Elle fabrique des 
cylindres sans joints d'etancheite en utilisant des techniques de fabrication specialisees qui 
limitent le jeu entre le piston et le cylindre. Malgre tout, les difficultes du controle et les 
limites de bande passante demeurent. 
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2.3.4 Moteurs electromagnetiques a entrainement direct 
Pour certaines applications hautes performances, le moteur a entrainement direct 
represente le choix par excellence a cause de sa faible inertie, de sa precision, de sa vitesse, 
de sa grande raideur mecanique et de sa simplicity [Aghili, 1997]. L'ajout d'un reducteur 
engendre une multiplication de I'inertie de I'actionneur par le carre du rapport de reduction 
alors que la force n'est multipliee que par ce rapport eleve a la puissance un. 
Consequemment, I'objectif de faible impedance intrinseque est mieux servi par un moteur a 
grand couple utilise en entrainement direct. Le fait de ne pas utiliser de reducteur limite 
egalement ('introduction des non-linearites (jeu, friction, etc.) qui sont autant d'obstacles au 
controle de la force. 
Cependant, les fluctuations de couple en fonction de la position qui sont souvent associees a 
un moteur EM (torque ripple, cogging) ne sont plus masquees par une forte inertie et une 
forte friction et peuvent limiter les performances. Plus important, I'utilisation d'un moteur a 
entrainement direct se fait au cout d'une densite de force beaucoup moins elevee. Comme 
le moteur est utilise en dehors de sa plage d'efficacite, le moteur doit etre beaucoup plus 
gros et massif pour fournir la meme puissance utile. La densite de couple des moteurs EM a 
entrainement direct optimises pour le couple, sans batis et refroidis par convection est 
generalement limite entre 2.5 et 6 Nm/kg [Hollerbach et al., 1991]. Ce desavantage majeur 
limite generalement I'utilisation de moteurs a entrainement direct aux applications ou le 
moteur est fixe. 
Des technologies presentees, le moteur a entrainement direct est certainement celui qui 
offre le plus de possibilites de controle en force et de modulation de I'impedance. 
Cependant, sa faible densite de couple n'est pas suffisante pour beaucoup des applications 
de robotique d'interaction. 
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2.4 Actionneurs developpes pour le contrdle d'interaction 
Pour palier aux limitations des technologies conventionnelles, differentes architectures 
d'actionneur, specialement dediees a I'interaction, sont proposees dans la litterature. 
2.4.1 Actionneur a retour de force 
Pour masquer partiellement l'impedance intrinseque d'un actionneur a haute densite de 
force, tel un moteur avec reducteur, il est possible d'introduire une boucle de retroaction sur 
la force en utilisant un capteur a la sortie. Cette approche est illustree par le schema-bloc de 
la Figure 2.2 ou I'on tente de reproduire une impedance virtuelle correspondant a un ressort 
de raideur K en parallele avec un amortisseur de coefficient 6. L'inertie M et la friction F/ 
representent l'impedance intrinseque de I'actionneur. La force mesuree a la sortie est Fe(s). 
La force motrice est Fm(s). Kr represente le gain sur la boucle de retroaction de force. xv est 
la vitesse de reference du point d'attache de l'impedance virtuelle. Les equations 2.1 a 2.3 
presentent la loi de controle, la cinetique puis I'equation de mouvement globale. Tel que 
demontre, la retroaction reduit la masse et la friction apparentes d'un facteur (Kr + 1). Un 
gain eleve eliminerait done les effets indesirables d'inertie et de friction [Buerger et Hogan, 
2005]. 
Figure 2.2 : Contrdle d'impedance avec retour de force 
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F = KB(x -x) + KK (x -x)-K F m r \ v J r V v / r e (2.1) 
Mx = F-F -F. e m t f (2.2) 
(2.3) 
La modelisation proposee a la Figure 2.2 neglige cependant la flexibility introduite entre 
I'actionneur et le capteur par la transmission. Cette flexibility peut etre grossierement 
modelisee tel qu'illustre a la Figure 2.3. Le mode de resonnance interpose ainsi cree est 
potentiellement tres nefaste. II peut en effet interagir avec la boucle de retour de force et la 
destabiliser [Eppinger et Seering, 1986, 1987a, 1987b et 1988]. Pour eviter d'exciter ce 
mode, les gains du controleur doivent demeurer faibles. II faut de plus eviter les impacts 
rigides. Aussi, au niveau du controle d'impedance, la presence d'une raideur non-infinie dans 
la transmission a comme consequence qu'il devient theoriquement impossible de 
commander une inertie (dans ZC(bte(s)) inferieure a M2 sans s'exposer aux instabilites de 




Figure 2.3 : Contrdle d'impedance avec retour de force et flexibilite dans la transmission 
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D'autres limitations decoulent du fait que I'asservissement est necessairement limite en 
frequence et en puissance. En effet a haute frequence, lors d'un impact par exemple, la 
dynamique intrinseque domine invariablement. Les caracteristiques en boucle ouverte 
limitent done la securite et la robustesse des interactions. Pour cette raison, des 
performances interessantes sont difficiles a obtenir sans physiquement reduire la friction, 
I'inertie et les non-linearites de I'actionneur et de la transmission [Vischer et al., 1995]. 
Le bras manipulateur leger developpe par I'agence spatiale allemande (DLR) represente une 
mise en oeuvre impressionnante de cette approche [Hirzinger et al., 2000, 2001 et 2004]. Son 
succes repose entre autres sur une optimisation poussee des composants en vue de reduire 
la masse, I'inertie, la friction et les non-linearites. La Figure 2.4 illustre le bras et un des 
joints. Les images proviennent du site web de I'agence spatiale allemande [Deutsches 
Zentrum fur Luft- und Raumfahrt (DLR) - Institute fur Robotik und Mechatronik]. Malgre 
tout, la robustesse des actionneurs demeure un enjeu lors des collisions. Cela limite les 
vitesses admissibles [Albu-Schaffer et al., 2008]. 
Figure 2.4: Bras manipulateur leger du DLR (a) et un des actionneurs a retour de force (b) [Deutsches 
Zentrum fur Luft- und Raumfahrt (DLR) - Institute fur Robotik und Mechatronik] 
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2.4.2 Actionneurs serie et differentiel elastiques 
Dans le cas d'un actionneur a retour de force, la performance du controle d'impedance est 
limitee par I'impedance intrinseque. Lors des interactions, si I'environnement est rigide, une 
erreur de position provoque de grandes forces a I'interface; le gain mecanique F/x(s) est 
tres eleve. Cela empeche, pour des raisons de stabilite, I'utilisation de gains eleves dans le 
controleur, ce qui limite les performances d'interaction. 
Le concept d'elasticite en serie, tel qu'illustre schematiquement a la Figure 2.5, ou /(/est la 
raideur d'un element flexible interpose, corrige ce probleme [Robinson, 2000] [Williamson, 
1995]. La presence de I'element flexible diminue le gain intrinseque F/x(s) et permet 
d'augmenter les gains du controleur. II en resulte un rejet proportionnellement meilleur des 
termes de friction et des non-linearites. La force est controlee avec plus de precision. Des 
inerties apparentes plus faibles peuvent etre commandees. La securite est egalement 
amelioree puisqu'a haute frequence le systeme se comporte comme un ressort flexible 
plutot qu'une masse. Du point de vue du concepteur d'actionneur, I'ajout de la flexibility 
allege aussi les contraintes sur la precision mecanique du reducteur puisque les 
imperfections de production de couple sont filtrees. La Figure 2.6 illustre I'actionneur vendu 
par la compagnie Yobotics [Yobotics] ainsi que I'actionneur differentiel elastique developpe 
en 2007 a I'Universite de Sherbrooke [Legault, 2007]. Une architecture de controle 
developpee pour ce dernier est detaillee dans [Lavoie, 2009]. 
Figure 2.S : Concept d'actionneur serie elastique 
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Figure 2.6 : Actionneurs serie elastique (a) [Yobotics] et differentiel elastique (b) [Legault, 2007] 
L'ajout de I'element flexible implique cependant une perte de bande passante pour les 
grandes forces parce qu'une large deformation de ce dernier devient necessaire. La force 
maximale devient fonction de la frequence des que le moteur ou son alimentation sont 
satures. II existe egalement une frequence de resonnance de I'actionneur au dela-de laquelle 
la force maximale generee diminue rapidement. Robinson explore ces aspects. Qu'elle soit 
limitee par I'un ou I'autre des facteurs, la bande passante diminue si la raideur mecanique 
diminue. Dans certains cas, c'est un compromis acceptable. Cependant, augmenter la bande 
passante ameliore generalement les performances globales [Robinson, 2000]. 
2.4.3 Actionneurs micro-macro 
Morrel et Zinn proposent des concepts d'actionneurs qui reposent sur un couplage parallele 
d'un premier actionneur serie elastique et d'un moteur a entraTnement direct [Morrel 1996] 
[Zinn et al., 2004a et 2004b]. Le premier fournit une large force pour les basses frequences. 
Le second etend la bande passante pour les faibles forces. Le tout est controle en boucle 
fermee a I'aide d'un capteur de couple a la sortie. En plus d'augmenter la bande passante 
pour les faibles couples par rapport a I'actionneur serie elastique, l'ajout du moteur a 
entraTnement direct augmente la precision de la force et reduit l'impedance apparente 
minimale qui peut etre reproduite a une certaine frequence. Cette augmentation de 
performance se fait cependant au prix d'un volume, d'une masse et d'une complexity accrus. 
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Figure 2.7 : Concept d'actionneur Distributed Macro-Mini [Zinn et al., 2008] 
2.4.4 Actionneurs a raideur variable 
Cette approche au controle d'impedance est illustree conceptuellement a la Figure 2.8. Le 
moteur est utilise comme source de vitesse (Vm). Un dispositif mecanique dont la raideur 
intrinseque K est controlable est place en serie. Les moteurs deplacent done le point 
d'equilibre et modulent la raideur de fa?on independante. Un exemple d'un tel module 
motorise a raideur variable est presente a la Figure 2.9a [Wolf et Hirzinger, 2008]. 
Alternativement, les fonctions de variation de raideur et de deplacement du point d'equilibre 
peuvent etre obtenues en utilisant deux ressorts non-lineaires couples de fa?on antagoniste. 
Cette approche n'est pas sans rappeler la configuration des actionneurs du systeme 
musculosquelettique ou deux muscles agissent sur des tendons dont la raideur n'est pas une 
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fonction lineaire pour actionner un joint. Une contraction simultanee augmente la raideur du 
pivot. Un differentiel de contraction deplace le point d'equilibre. Tonietti propose un tel 
design antagoniste [Tonietti, 2005], Un exemple de module qui contient deux ressorts non-




Figure 2.8 : Concept d'actionneur a raideur variable schematise 
Figure 2.9 : Module a raideur variable (a) [Wolf et Hirzinger, 2008] et module contenant deux ressorts non-
lineaires antagonistes [Schiavi et al., 2008] 
Le grand avantage de cette approche est qu'un composant mecanique passif (un ressort par 
exemple) n'est pas sujet a une perte de stabilite. Le controle stable des interactions peut 
done etre assure une fois que la source de vitesse est immobilisee. De plus, l'impedance de 
tels composants mecaniques n'est pas sujette aux limitations en frequence comme dans le 
cas d'un actionneur a retour de force. 
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Pour I'instant, ces actionneurs sont generalement limites dans la plage d'impedance 
reproductible et permettent difficilement de reproduire des impedances suffisamment 
elevees pour les taches de positionnement rapides, precises et bien amorties. Egalement, ils 
presentent souvent une mecanique complexe et une geometrie qui ne convient pas a une 
integration compacte. Finalement, la modulation de I'impedance presente un delai 
possiblement important qui degrade les performances. II s'agit cependant d'un domaine de 
recherche encore tres actif. 
2.4.5 Actionneurs a embrayages contrdlables en force 
Afin d'isoler I'environnement de I'inertie d'un actionneur a haute densite de couple et pour 
augmenter les performances d'interaction, il est possible d'interposer un embrayage 
controlable en force tel que schematise a la Figure 2.10. Le sous-actionneur a haute densite 
de force, un moteur EM avec reducteur par exemple, est controle en vitesse et assure un 
glissement relatif dans I'embrayage dans le sens qui correspond a la direction de la force 
desiree. L'embrayage controle ensuite I'effort transmis. Differentes technologies sont 
utilisees. Les principales sont I'embrayage a particules magnetiques [Raymond et Fink, 1989], 
l'embrayage electrorheologique et I'embrayage magnetorheologique. La Figure 2.11a illustre 
la configuration en serie generalement rencontree [Chew et al., 2006]. La Figure 2.11b 
illustre un equivalent mais qui utilise un couplage differentiel [Chapuis et al., 2007]. Une 
autre version est decrite dans [Chapuis, 2009]. 
Moteur Reducteur I f 
Ai 
Figure 2.10 : Schema d'un actionneur avec embrayage controlable en force 
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Figure 2.11: Actionneurs avec embrayage contrdlable en force couple en serie (a) [Chew et al., 2006] et en 
differentiel (b) [Chapuis et al., 2007] 
Quelques limitations peuvent etre mentionnees. La friction parasite (ou minimale) de 
I'embrayage peut limiter les habiletes a generer de faibles forces avec precision. Egalement, 
comme la direction du differentiel de vitesse dans I'embrayage doit corresponds a la 
direction de la force desiree, la bande passante autour d'une force egale a zero est limitee 
par les performances dynamiques de la source de vitesse. 
Pour adresser ces limitations, ou pour augmenter les performances dynamiques dans des 
contextes de controle en position, des architectures integrant deux embrayages dont les 
efforts s'opposent ont ete proposees [Sakaguchi et Furusho, 1998][Choi et al., 1999][Hakogi 
et al., 2006][Johnson et al., 1999], Ce concept est illustre schematiquement a la Figure 2.12. 
La Figure 2.13 illustres les actionneurs developpes par Hakogi et Sakaguchi. En fonction des 
performances des freins, il est alors possible de controler la force a la sortie avec precision et 
a haute frequence sans capteur de force. Cependant, I'integration dans un volume compact 

















Inpu l Rotat ional Pari 
(Negative Rota t ion) 
Input Rota t iona l Part I 
(Positive Rotat ion) 
Figure 2.13 : Deux exemples d'actionneurs a deux embrayages contrdlables en force [Hakogi et al., 2006] 
[Sakaguchi et Furusho, 1998] 
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robotiques. La conception d'un prototype est decrite. Les performances du prototype au 
niveau du controle de force, d'interaction et de mouvement sont presentees et analysees. 
Resume fran^ais: 
Les systemes robotiques d'aujourd'hui sont habituellement des machines mecaniquement 
rigides et controlees en position congues pour operer dans des environnements structures. 
Pour etendre leur applicability a des environnements partiellement inconnus, dynamiques 
ou anthropiques, une amelioration des capacites d'interaction physique est necessaire. Dans 
ce nouveau contexte, parvenir a satisfaire simultanement les requis de securite, de 
robustesse et de polyvalence est souvent un defi entre autres parce que les actionneurs 
communement disponibles ne sont pas adaptes. Cet article presente notre solution en 
introduisant le concept de ('Actionneur a Double Differentiel Rheologique (ADDR) base sur 
une combinaison synergique d'un moteur electromagnetique et de deux freins 
magnetorheologiques. Cet article decrit I'approche puis la conception du prototype. II 
discute ensuite des performances en controle de force, de mouvement et d'interaction. 
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3.1 Abstract 
Today's robotic systems are mostly rigid and position controlled machines designed to 
operate in structured environments. To extend their application domains to partially 
unknown, dynamic or anthropic environments, improved physical interaction capabilities are 
required. In this new context, blending in the requirements for safety, robustness and 
versatility is often challenging in part because commonly available actuator technologies are 
inadequate. This paper presents our solution by introducing the Dual Differential Rheological 
Actuator (DDRA) concept based on the synergistic combination of an electromagnetic motor 
and two differentially coupled magnetorheological brakes. This paper describes the approach 
and the prototype design. It then discusses performances in force, motion and interaction 
control. 
3.2 Introduction 
Robots and humans share complementary skills, which suggests we could benefit from an 
increased level of collaboration. Robots possess speed, precision, strength and can handle 
dangerous, strenuous or tedious tasks without being subject to injuries or fatigue. Humans, 
on the other hand, are unmatched in their ability to perceive and to interpret, providing 
global understanding and guidance. 
However, the reality is that current robotic manipulators, faithful to their roots in the 1950s, 
are still mostly stiff and position controlled machines fundamentally incompatible with this 
scenario. Indeed, in the broad context of physical interaction, robots remain somewhat 
clumsy. Despite impressive motion performances, they struggle to control the interaction 
force with precision and high bandwidth. Also, they do not handle collisions graciously and 
are generally bad at interacting with partially unknown or kinematically constrained 
environments. As a result, their applicability remains generally bounded to simple motion 
tasks in highly structured environments. 
For a number of applications, the need for high-force, safe, robust and versatile robots 
physically interacting with their environment and going beyond simple position control is yet 
to be adequately supported. Such capabilities are sought-after to improve the performance 
of industrial robots in tasks such as assembling, polishing, deburring and machining [Wang et 
al., 2008a]. They could also enable robots to work side-by-side with operators, leading to 
reduced programming times and to more efficient and flexible assembly lines [Kochan, 
2008][Wang et al., 2008b]. In addition, robotic systems with such capabilities could increase 
the effectiveness and efficiency of physical rehabilitation therapy by delivering consistent 
treatments and by providing an objective tracking of progress [Riener et al., 2005][Vallery et 
al., 2008]. Moreover, such technologies could ease the design of manipulators for assistive 
robots and of motorized orthesis-prosthesis [Wyrobek et al., 2008][Song et al., 
1999][Vanderniepen et al., 2008]. 
For these reasons, robot force and interaction control is receiving growing interest in the 
field. One approach is to use available robots, equip them with an end-effector force sensor, 
and perform closed-loop control [Wang et al., 2008a][ Wang et al., 2008b]. Typically, 
however, performances remain limited because of high effective impedance and low 
controllable force bandwidth. One solution to the limitations of current designs lays in 
developing actuation methods better suited to the new set of requirements relevant to 
interactive robotics. The Dual Differential Rheological Actuator (DDRA) was developed to 
address this issue. This technology is based on the synergistic use of an electromagnetic (EM) 
motor and two differentially coupled magnetorheological (MR) brakes. Contrasting with 
most actuators, this combination makes possible the simultaneous achievement of high 
force density, low intrinsic impedance, high force bandwidth and high precision force control 
which, we believe, enables safe, robust and highly versatile physical interactions. 
The paper is organized as follows. Section 3.3 presents important considerations for 
interactive robotics. Section 3.4 discusses how actuators can contribute to address these 
considerations. Sections 3.5 and 3.6 describes the DDRA concept and its implementation in a 
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prototype. Section 3.7 presents force, interaction and motion control results. Section 3.8 
discusses the observed performances using EM motors as comparatives. Concluding remarks 
are given in Section 3.9. 
3.3 Considerations for Interactive Robotics 
Building robots interacting successfully in poorly defined, dynamic or anthropic domains is 
challenging. This section discusses the issues of safety, robustness and versatility. 
3.3.1 Safety 
Physical interaction in anthropic domains creates obvious safety concerns which have been 
the subject of much research and debate [De Santi et al., 2008][Bicchi et al., 2008]. Hazards 
particularly arise when interaction forces are not limited to acceptable levels such as during 
collision or clamping events. In the case of a static clamping, the potential for injury is mainly 
defined by the maximum force the robot is able or allowed to exert, which is controllable. In 
the case of a dynamic collision or clamping however, the kinetic energy of the robot 
represents a serious and hard to manage threat. Indeed, a recent test and simulation 
campaign demonstrated that the dynamic clamping of an operator head by a small robot 
moving at a typical speed can cause a fracture of the frontal bone (4 kN impact force) even if 
maximum reverse torque is applied instantly on contact [Haddadin et al., 2008]. 
This risk level must obviously be reduced. A few approaches are possible. Undesired collision 
occurrences can be decreased through sensorisation and reactive control schemes. The 
robot then monitors the human actions and stops moving, reduces its speed or modifies its 
trajectory when required. Depending on the desired level of intimate contact and 
collaboration, this might not always be applicable or sufficient. Then, compliant coverings 
can be added to reduce the magnitude of impact forces, although impractically large 
amounts of material may be necessary for typical industrial robots [Zinn et al., 2004], The 
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root of the problem remains the amount of kinetic energy of the moving robot, which can 
only be lessened either by decreasing velocity or by decreasing the effective inertia. The 
former is easy to implement, but limits the ability to produce useful work, The latter, 
unfortunately, is not trivial. 
3.3.2 Robustness 
In robotic manipulators, motion tracking controllers, high impedance actuators and stiff 
transmissions team up to reject force disturbances. These fundamental building blocks, 
useful for high performance motion, are nonetheless incompatible with robust interaction in 
kinematically constrained environments. For instance, within this design paradigm, tasks as 
simple as opening a drawer or a door become very challenging because any inaccuracy in 
motion creates large reaction forces which threaten the integrity of the robot and the 
environment. Actions must thus be performed slowly and carefully while a high burden is put 
on modeling and control. 
A kinematic constraint imposes restrictions on allowed trajectories. The only way to 
gracefully and non-destructively handle tasks is then to accept the motion guidance. One 
approach is to use an end-effector force sensor mounted on a stiff robot and to add 
compliance by control. However, because controllers and actuators have limited power 
bandwidth, the compliant control of stiff architectures is only possible at low frequencies. 
Achieving robustness thus demands low intrinsic inertia and sufficient open-loop 
backdrivability. 
3.3.3 Versatility 
Bodies physically interact when, once coupled, they exchange mechanical energy through 
the flow of two conjugate variables: force and velocity. Traditional robotic controllers focus 
on imposing velocity using motion feedback. However, such controllers do no capture the 
broad diversity of possible interactions; they lack versatility. A more general approach, 
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termed interaction or impedance control, consists in regulating the dynamic relationship 
between the two interaction variables [Hogan et al., 1985][Hogan et Buerger, 2005]. Within 
this behavioural tracking paradigm, the definition of robot performance is extended to 
include the ability to stably and precisely emulate a wide range of impedances over a large 
frequency spectrum [Colgate et Brown, 1994][Weir et al., 2008]. 
Besides increased versatility, interaction controllers have advantages regarding stability 
analysis in the context of physical interaction with unknown environments. The stability 
analysis of classic motion controller requires knowledge of the dynamics of the system to be 
controlled. This is not possible when interacting with unknown environments because these 
dynamics change unpredictably. In contrast, interaction controllers try to regulate the 
dynamic behaviour of the robot itself, which is independent of the environment. One 
interesting outcome is that the coupled stability with most environments (at least passive 
ones) can now be guaranteed as long as the emulated impedance is passive [Colgate, 1988]. 
The control tools for stable and versatile interaction thus exist. However, once again, the 
hardware of classic robots poses serious limitations. Because a controller and actuator have 
limited power and bandwidth, it will always be difficult to emulate low impedances with high 
impedance robots. On a more theoretical basis, because of the finite structural stiffness of 
robots, using control to mask more than about half of the intrinsic inertia necessarily 
trespasses the passivity criteria, leading to a potential for coupled instabilities [Colgate et 
Hogan, 1989][Newman, 1992]. This advocates again for low inertia hardware. On the other 
hand, without low impedance hardware, a large force bandwidth is necessary to emulate 
high impedances. Both are necessary for highly versatile interactions. 
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3.4 Actuators for Interaction Control 
Based on the issues of safety, robustness and versatility, actuators designed for interactive 
robotics should have the following capabilities, which are somewhat competing: 
1) High torque density. For serial structures with actuators collocated with joints, it enables 
the design of lighter and lower inertia robots. 
2) Low intrinsic output impedance. Inertia is detrimental because it creates undesired 
dynamic interaction forces. Joint friction is also undesirable because it inhibits joint 
backdrivability which can reduce the magnitude of these undesired forces. 
3) High bandwidth force control. This is required to achieve fast and stiff motion control or 
to enable the stable emulation of high impedances with low impedance hardware. 
4) Precise force control. The ability to generate a given force with high fidelity is desirable in 
a number of force and interaction control tasks. 
Common actuators do not simultaneously achieve these four requirements, as illustrated in 
Figure 3.1 where requirements 2 to 4 are combined into the "aptitude to force control" 
[Buerger, 2005]. The force density of direct drive EM motors is often insufficient. It is 
typically limited to somewhere between 2.5 and 6 Nm/kg for convection cooled, torque 
optimized and frameless motors [Hollerbach et al., 1991]. The force control precision of 
highly geared motors is usually too low. This is the result of transmission backlash, non-linear 
friction and elasticity. Their intrinsic inertia is also high because of the speed reduction 
transmission inertia multiplying effect. As a reference, this speed reduction ratio is often 
chosen so that the effective inertia of the actuator roughly matches that of the actuated link 
with its load in order to optimize dynamic performances and reduce control instabilities 
[Armstrong et al., 1998]. Also, because of the compressibility of air, the bandwidth of 
pneumatic actuators is typically insufficient to provide a generalizable solution. Finally, by 





Figure 3.1: Aptitude to force control versus force density for common actuators 
To compensate for these limitations, the following actuators specifically designed for 
interaction have been proposed: 
Relocated Direct Drive Motors. Direct drive motors are attractive because they are usually 
low inertia and low friction devices with a known relationship between the winding current 
and the output force. Fast, precise and inherently stable force control can thus be achieved 
using a current feed-forward scheme. However, because of mass and weight constraints, it is 
often desirable to relocate them near the robot base. Mechanical power must then be 
conveyed through stiff and efficient transmissions, which can be a challenge to design and 
integrate. The MIT-Manus rehabilitation device sold by Interactive Motion Technologies and 
the Whole Arm Manipulator sold by Barrett Technologies are examples of designs using this 
approach [Hogan et Krebs, 1992][Salisbury et Townsend, 1993], 
Force Feedback Actuators. These actuators are composed of high force density actuators, 
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control [Vischer et Khatib., 1995]. However, the non-collocation of the sensing and actuating 
transducers and other factors (e.g., limited sampling frequencies) limit stable feedback gains 
and stable control bandwidth [Colgate et Hogan, 1989][Eppinger et Seering, 1987]. Above 
this bandwidth, the open-loop dynamics invariably dominates and can pose a threat to safety 
and robustness. One of the foremost initiatives using this method was undertaken by the 
German Aerospace Center (DLR) and resulted in three generations of extensively optimized 
lightweight robotic arms [Hirzinger et al., 2004]. Performances are impressive but robustness 
is still an issue [Albu-Schaffer et al., 2008]. 
Series & Differential Elastic Actuators (SEA & DEA). To improve the safety and robustness of 
Force Feedback Actuators, a compliant element is placed at the output. This enhances force 
resolution, control stability and impact tolerance [Williamson, 1995][Robinson, 2000][Lauria 
et al., 2008]. However, the introduced flexibility limits the efficiency with which power is 
transferred from the transducer to the link. This results in a drop of controllable bandwidth. 
SEA have been used in walking and running robots, motorized prosthesis-orthesis, 
rehabilitation devices and a few interactive manipulators such as for Domo from the 
Massachusetts Institute of Technology [Edsinger-Gonzales et Weber, 2004], DEA are used for 
the locomotion of an omnidirectional wheel/track robot [Lauria et al., 2008]. 
Parallel Coupled Micro-Macro Actuators. To improve the force control bandwidth of SEAs, a 
low power direct drive motor is added in parallel. The SEA generates low frequencies and 
high amplitude forces whereas the direct drive motor contributes for high frequencies and 
low power forces [Morrel et al., 1996]. To reduce the moving mass, the SEA can be relocated 
near the robot base whereas the direct drive motor remains collocated with the joint. This is 
referred to as the Distributed Macro-Mini Actuators approach [Zinn et al., 2004]. The direct 
drive motor extends bandwidth and thus performances. This nonetheless comes at the price 
of increased volume, mass and complexity. The distributed approach has recently been used 
to create a large workspace haptic interface [Zinn et al., 2008]. Willow Garage PR2 platform 
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also uses this approach, but with the SEA being connected to a more intricate gravity 
compensation mechanism [Wyrobek et al., 2008]. 
Variable Stiffness Actuators. A Variable Stiffness Actuator could be described as an SEA with 
an actuated mechanism enabling a real time variation of the compliant element stiffness. 
With this method, motion performance while operating under safety constraints is improved 
by combining low velocity with high stiffness and high velocity with low stiffness, where low 
stiffness provides a better isolation from the motor inertia [Tonietti et al., 2005][Schiavi et 
al., 2008][Wolf et Hirzinger, 2008], Another important advantage is that the mechanically 
rendered stiffness is not subject to a loss of passivity. The drawbacks of current designs 
include mechanical complexity, time delays for stiffness modulation and limited stiffness 
ranges. 
Actuators with Clutch. These actuators use a force controllable clutch placed between a high 
force density actuator (the velocity source) and the load [Zhou et al., 2004][Chapuis et al., 
2009]. Advantageously, the clutch isolates the environment from the inertia of the velocity 
source. On the other hand, the intrinsic clutch friction can limit the ability to control small 
forces accurately. Also, because the direction of the velocity slippage in the clutch must 
always correspond to the direction of the desired interaction force, the bandwidth around 
zero force is tributary of the velocity source performance. 
Dual Clutches Actuators. These actuators are built by connecting the outputs of two force 
controllable clutches being driven in opposite directions. This proposition was made in 
contexts ranging from haptic displays to high performance motion [Sakaguchi et Furusho, 
1998][Choi et al., 1999][Hakogi et al., 2006][Johnson et al., 1999]: Indeed, this approach has 
several interesting consequences: these actuators display very low output impedance and no 
backlash and, depending on the clutch technology, can be able of fast and precise open-loop 
force control. Nevertheless, mechanical integration remains a challenge and the resulting 
prototypes are bulky. 
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3.5 Dual Differential Rheological Actuator 
Designing actuators suited for high force physical interaction is not trivial. Indeed, because of 
conflicting requirements and limited design options, most approaches still struggle to deliver 
high performance in convenient packages. Our actuation solution, thereby identified as the 
Dual Differential Rheological Actuator (DDRA), is based on the synergistic use of two 
differentially coupled MR brakes and an EM motor. This configuration shares similarities with 
the Dual Clutches Actuators. However, the differential configuration solves a number of 
integration issues. This section describes the DDRA concept starting with MR brakes and 
mechanical differentials, which are important building blocks. 
3.5.1 Magnetorheological Brakes 
MR fluids are typically composed of micro-sized ferromagnetic particles mixed in a carrier 
liquid. When a magnetic field is applied through the fluid, the magnetisable particles align 
and form columns. These columns oppose motion up to a shear stress threshold determined 
by the intensity of the magnetic field, at which point the fluid starts to flow. 
This principle is exploited in MR brakes, which use one or a plurality of interspersed rotor 
and stator blades to shear the fluid, as shown in Figure 3.2 Multiple blades increase the shear 
area and make it possible to produce large forces. Figure 3.3 shows typical braking torques TB 
versus angular velocity OJ for different magnetic field strengths H. BB is the brake drag 
coefficient due to fluid viscosity. A stiction phenomenon is visible at low speeds. 
Nevertheless, if there is motion between blades, the output torque can be approximated as 
(3.1), describing a plastic Bingham model with an added dry friction coefficient 7). This 
friction can be attributed, for example, to sealing elements. In this model, the fluid viscosity 
is considered to be independent of velocity, although shear rate thinning is usually reported 
[44]. In a typical MR brake, the field dependant yield torque TY(H) is controlled by modulating 
the current flowing through the coil. 
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To help explain the DDRA mechanism, rotational to linear analogies are provided later on. 
For this reason, a linear equivalent of (3.1) is given in (3.2), where FB is the braking force, 
Fy(H) is the controllable field dependant yield force, Ff is the dry friction force, v is the 
velocity and CB is the damping coefficient. 
TB - (TY(H) + r /)sgn(«y) + BBCO 







Figure 3.2 : Cross-sectional view of a typical shear-type magnetorheological brake 
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Figure 3.3 : Typical magnetorheological brake torque versus angular velocity for different magnetic field 
strengths 
Well-designed MR brakes display high torque density, very low inertia, high bandwidth and 
low power consumption. Drawbacks possibly include a hysteretic torque to current 
relationship caused by magnetic remanence. The consistency of this relationship can also be 
affected by gravitational particle settling, magnetic gradient induced particle migration or 
particle centrifugation phenomena [Gabriel et al., 2008][Lampe et al., 1998]. Well formulated 
fluids and good brake designs are thus required. 
3.5.2 Mechanical Differentials 
Mechanical differentials are mechanisms possessing three ports among which force or 
torque is distributed following a known relationship. The lever mechanism illustrated in 
Figure 3.4 is an example used here as an analogy to all other differential mechanisms. This 
lever has three ports (Ou 02 and 03) to which external forces (with norms Flt F2 and F3) are 
applied. To assess the effects of the mechanism inertia, a lumped mass (mi, m2 or m3) is 
associated to each port. R is the length of segment O2-O3. For this configuration, the 
kinematic relationship between port velocities (with norms vlt v2 and v3) is expressed using 
the Willis formula (3.3). Force relationships, derived using basic dynamics, are expressed in 
(3.4). 
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Figure 3.4 : Lever in a differential configuration with added lumped masses 
Vj + Rvx = (1 + R)V2 
Fx = F3R - v3Rm3 + WjV-! 
F2=-F3(l + R) + 
+ v2(m2 + (l + R)2mJ)-v1 ((1 + R)Rm3) 
(3.3) 
(3.4) 
3.5.3 DDRA Concept 
The DDRA makes use of two differentially coupled MR brakes to control the flow of 
mechanical power from a velocity source to the load. The configuration is such that the 
interaction force can be controlled, in both directions, by a combination of the two braking 
forces. 
Such a configuration is schematically illustrated in Figure 3.5, using the lever analogy. The 
velocity source (not shown) moves the ports Oi and 0 4 at velocity vin in opposed directions. 
Pivots 0 3 and 06 are respectively connected to mechanically grounded brakes 1 and 2 which 
resist motion with forces FBI and FB2 modeled using (3.2). Pivots 0 2 and 0 5 are linked 
together and form the actuator output. Lumped masses (min, mB and mout) are added to 
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consider inertial effects. min represents half the inertia of the velocity source and of a 
fraction of the differential mechanism. mB symbolizes the inertia of a brake and of a fraction 
of the differential mechanism. mout finally stands for the inertia of the output link and of the 
remaining portions of the differential mechanisms. 
Consider the case where both brakes are similar: same damping coefficients and same dry 
friction forces. Also, consider that the input velocity vin is sufficient to ensure that, despite 
output motion vout, ports 02 and Os are moving in opposite directions. The interaction force 
F0ut can then be expressed as in (3.5), derived using (3.2) and (3.4). This relationship shows 
that the output force is strictly a linear combination of the two open-loop controllable field 
dependant yield forces of the brakes (Fyl[H1) and Fy2(H2) for brakes 1 and 2) and of the 
dynamic effects of the intrinsic impedance Zout(s), where s is the Laplace complex argument. 
0 1 
0 4 
Figure 3.5 : Schematic lever analogy of a DDRA configuration 
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Fout=FC~VouXS)ZoUXS) 
• Fc={Fy2(H2)-Fyl{Hx)){\ + R) (3.5) 
Zoul(s) = 2(1 + R)\mBs + CB) + mou,s 
Many advantages come with the DDRA concept: 
• Output inertia is exceptionally low because it is decoupled from the velocity source as 
illustrated by (3.5), where Zout(s) is not a function of min. 
• Output friction is small. Because of symmetry in the design, the brakes dry friction forces 
oppose each other and tend to cancel themselves out. Concerns regarding brake stiction 
are also eliminated because ports 03 and 06 are in continuous motion. 
• Forces can be controlled over a large bandwidth by making use of fast brakes. Very little 
detrimental elasticity is introduced between the brakes and the output. 
• High-fidelity force control is possible. In geared motors, the transmission adds a lot of 
noise on the output force. The proposed concept links the brakes to the output through 
minimal gearing. 
• Backlash is eliminated by the opposition of internal forces. This improves positioning 
precision and enables a high inertia mismatch between the actuator and the load without 
compromising the stability of motion controllers. 
• The interaction force can be controlled without a torque sensor simply by modulating the 
currents in the brakes. This feed-forward approach is inherently stable. 
• The design is robust and impact tolerant. The output force remains under control even 
during collisions. The excess energy is simply dissipated in the brakes. 
• The velocity source can be implemented with low grade components. Because the brakes 
control the interaction, there are no stringent performance requirements for the velocity 
source. Its gearing can furthermore be fabricated with backlash and kinematic 
imperfections without affecting performances. 
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3.5.4 Proof-of-Concept Prototype 
Before initiating the design of a complete custom-built DDRA, we first validated the concept 
using standard MR brakes. Figure 3.6 shows an exploded view of the actuator mechanism. 
Figure 3.7 shows the actuator with its output connected to a torque sensor for 
characterization purposes. Design and performances are reported in [Fauteux et al., 2009a]. 
Figure 3.6 : Exploded view of the proof-of-concept prototype mechanism 
Figure 3.7 : Image of the proof-of-concept prototype 
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3.6 Implementation 
Figure 3.8 illustrates and describes the hardware of our first complete and integrated DDRA 
prototype. It consists of a velocity source, two MR brakes, a dual differential mechanism and 
drive electronics with a position feedback device. 
EM motor with reduction and inversion 
stage (velocity source) 
MR brakes 
Dual differential mechanism 
Drive and encoder 
Figure 3.8: Cross-sectional view of the DDRA prototype 
The velocity source includes a brushless DC motor and a geared velocity reduction and 
inversion stage. More details are visible in the exploded view of Figure 3.9 where arrows 
indicate rotation directions. The output gears Oi and 04l where numbers refer to Figure 3.5, 
are the inputs of the dual differential mechanism. They rotate with the same velocity (ojin) 
but in opposite directions. 
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Figure 3.9 : Exploded view of the velocity source 
The MR brakes module is shown in Figure 3.10. When a current flows in a coil, a magnetic 
flux is created in the corresponding brake which starts resisting motion. By modulating 
currents (/i and l2 for brakes 1 and 2), the field dependant braking torques (ry l(H2) and 
Ty2(H2)) are controlled. The rotors of brakes 1 and 2 are respectively mounted on internal 
gears 03 and 06. 
Figure 3.10 : Cross-sectional perspective view of the MR brakes module 
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Two epicyclic gearing stages are used to create the dual differential mechanism. An epicyclic 
gearing stage, in a differential configuration, is equivalent to the lever of Figure 3.4 with R 
being the ratio of sun gear to annulus gear numbers of teeth. The sun gear is port 0lt the 
dual differential mechanism is presented in Figure 3.11. Ports Oi and 04 are connected to the 
velocity source whereas ports 03 and 06 are connected to brakes. A single planet carrier 
guides the planetary gears of both stages and forms the output. 
A position feedback device, a controller and the drive electronics are included within the 
actuator main volume. The purpose of the controller is twofold: it commands the velocity 
source and controls the current supplied to the brakes to produce the desired behavior. The 
velocity source is controlled through a classic PID feedback loop using information from the 
motor Hall effect sensors. For the output force or torque to be described using (3.5), the 
input velocity must be sufficient. The input velocity reference (a.)in.ref) is thus set using (3.6) 
where R is the dual differential mechanism reduction ratio (see Figure 3.5), u)0Ut is the output 
planet carrier is port 02 and the annulus gear is port 03. A simplified exploded view of the 
Figure 3.11: Exploded view (simplified) of the dual differential mechanism 
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velocity and wm is a velocity margin. This margin is used to circumvent the dynamic 
performance limitations of the motor when high accelerations are expected. It can be chosen 
and varied according to the task. 
0),n-ref = \CO\R + A (3.6) 
3.7 Results 
Table 3.1 presents the specifications of our DDRA prototype. Its intrinsic impedance can be 
estimated using CAD tools and simple models: it is a combination of a small inertia and a 
small damping. In this section, performances are evaluated in the contexts of torque, 
interaction and motion control. 
Table 3.1: DDRA prototype specifications 
Dimensions 90 mm diameter by 137 mm 
Mass 2.4 kg 
Maximum torque 20 Nm 
Nominal torque (estimate) 11 Nm 
Maximum velocity 160 rpm (with 37 V power supply) 
Nominal power output (estimate) 150 W (with 37 V power supply) 
Output inertia (estimate) 1.2e"4 kg.m2 
Output damping (estimate) 0.01 Nm.s/rad 
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3.7.1 Torque Control 
With the DDRA prototype, torque control was performed using a current feed-forward 
approach, which required knowledge of brake currents versus output torque relationships. 
To identify them, the following experiment was conducted. The actuator output was coupled 
to a fixed torque sensor. The velocity source was set to rotate and a slowly varying sinusoidal 
current was sent to a brake, then to the other. Torque and currents data were recorded over 
several sinusoid periods. Because output velocity is zero, the intrinsic impedance Zout(s) has 
no effect. What is measured is thus the open-loop controllable torque Tc (Fc in (3.5)). Data 
and fitted third order polynomial functions are presented in Figure 3.12. At zero current, 
both curves cross at a small torque value identified as T0 (very close to 0 Nm in figure 3.12). 
Figure 3.13 gives a closer view of the torque generated by brake 1 over one sinusoid period. 
This information is low-pass filtered with a 10 Hz cutoff frequency to reveal a small hysteresis 
(not easily visible in figure 3.12 because of torque and measurement noises). This non-
linearity affects the precision of open-loop torque control. However, the maximum deviation 
from the modeled linear current-torque relationship is relatively small (0.5 Nm). 
-2o • i ' : 
0 0.5 1 1.5 2 2.5 3 
Current I (A) 
Figure 3.12 : Torque output function of brake currents and fitted third order polynomial functions 
4 2 
Figure 3.13 : Torque output function of current in brake 1 
The torque controller, making use of the inverse of the identified polynomial relationships 
Tdh) and Tc[h) (see Figure 3.12), is presented in Figure 3.14. According to the torque 
command TCref, the controller generates the brake current commands llref and l2ref which are 
communicated to the corresponding current drives. Due to the resistive-capacitive nature of 
the brake electrical circuit, a few milliseconds are then required for these currents to 
establish. 
With this controller in place, the open-loop torque tracking performances were tested. 
Figure 3.15 illustrates a rapidly varying sinusoidal command concurrently with the torque 
measured through the fixed sensor, showing that fast and accurate torque tracking is 
possible. The high frequency component of the command is at 20 Hz. The measured torque 




^ TCref > Tg, 
if TCref <T0, 
href = 0 





Figure 3.14: Current feed-forward torque control scheme 
Figure 3.15: Torque tracking with TCref = 5sin(2nt) + 5sin(5*2nt) + 5sin(20*2nt) 
To obtain a better picture of the overall torque generation performances, 10 and 15 Nm 
sinusoidal torque commands sweeping from 0 to 40 Hz were applied. Transfer function 
identification techniques were then used to reveal the performances shown in Figure 3.16. 
Using a 3 dB power loss cutoff frequency definition, it is apparent that the bandwidth is 
greater than 40 Hz (between -1 and -1.5 dB power loss at 40 Hz). The figure also reveals that 
the performance is dependant of the magnitude of commands at high frequencies. However, 
to simplify discussions, the system is hereafter treated as linear with the torque command 




Figure 3.16 : Bode plot of the transfer function G(s) between the commanded torque (TCref) and the measured 
output torque (Tc) 
Using G(s) and the previously identified intrinsic output impedance Zout(s), the expected 
torque output Tout during motion can be rewritten as in (3.7). This equation, which 
completely characterizes torque control performances, states that Tout is a combination of 
the open-loop controlled torque and of the actuator intrinsic resistance to motion. 
\Tout{s) = G{s)TCref(s)-Zout{s)coout{s) ^ ^ 
\zout(s) = (1.2 e"4^ + 0.01) Nm.s/rad 
3.7.2 Interaction Control 
Interaction control was performed using an impedance controller developed as shown in 
Figure 3.17. As illustrated, the torque command TCreAs) i s modulated according to output 
motion u)0Ut(s) following a dynamically varying impedance relationship Zv(s). The open-loop 
torque controller then pilots the brakes. The resulting torque, which is also affected by Zout(s) 
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during motion, is applied to the load. In the diagram, this load is characterized by its 
admittance function Ye(s). To enable motion control, a reference position 6v[s) (with 
reference velocity oMs)) is given to the controller. Modifying this reference is equivalent to 
moving the virtual attach point of Z^s). A torque feed-forward can also be given to the 
controller through Tv. It can be used, for example, to compensate gravity acting on the 
actuated link. Finally, to accommodate safety constraints, the commanded torque is 
bounded between Tmax and -Tmax• Because the actuator has very low intrinsic output inertia, 
impact and interaction forces can be effectively limited by these bounds. 
DDRA hardware 
Impedance controller (open-loop torque control) 
Environment or load 
Figure 3.17: Bloc diagram of the impedance controller 
The virtual impedance function Z^s) used in the controller is detailed in (3.8). It is composed 
of three terms. They respectively emulate a mechanical spring with stiffness Kv, a mechanical 
damper with coefficient Bv and a position error integrator with gain lv. This is similar to a PID 
controller. However, whereas a PID controller typically aims at regulating either torque or 
velocity, this controller aims at modulating the relationship between both. Another 
distinction is that the gains (Kv, Bv and lv) can be changed in real time to continuously adapt 




For stable interaction, it is however important to know what range of virtual impedances can 
be commanded. This range is called the Z-width [Colgate et Brown, 1994]. To illustrate this, 
\ 
the following experiment was conducted. The actuator was coupled to a small inertial load 
(0.008 kg.m2). Then, different virtual spring and damper combinations were commanded. For 
each pair, stability was considered achieved when, judging by the position curve, no 
sustained oscillation could be elicited. To implement damping, the output velocity coout was 
estimated using a backward differentiation of the output position and a first order low-pass 
filter. Tests were conducted using filters with 30 and 160 Hz cutoff frequencies. With the 
160 Hz filter, tests were stopped at a damping of 8.5 Nm.s/rad because the haptic feeling 
was rapidly deteriorating. Results are shown in Figure 3.18. The area under a curve 
represents the range of stable impedances while coupled to the small inertial load. 
Haptic interfaces, for example, require such versatility. In this field, simulating the transition 
between free motion and stiff walls is a common benchmark. With the prototype, using a 
20 cm radius manipulandum with an inertia of 0.008 kg.m2, a transition between free motion 
and a stiffness of 30 N/mm (1200 Nm/rad) is feasible. This is enough to convey the presence 
of "hard" or "rigid" walls according to [Tan et al., 1994], 
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Figure 3.18 : Stable Z-width for interaction with an 0.008 kg.m2 inertial load 
As a note, the Z-width shown in Figure 3.18 is load specific. To be generalizable to unknown 
environments, further characterization is required. As mentioned, interaction stability can 
almost be guaranteed if the emulated impedance is passive. A conservative approach would 
thus be to identify the frequency dependant range of impedances that can be emulated 
passively and to respect these bounds during interaction. An example of such a 
characterization, using a dedicated test bench, can be found in [Weir et al., 2008]. 
3.7.3 Motion Control 
The developed impedance controller can also be used for high performance motion control. 
For stiff motion tracking, the virtual impedance is set to a high but stable value and the 
desired trajectory is communicated through 6v(s) (and oiv(s)). Also, if the load is known, an 
approximation of the required torque can be feed-forwarded through Tv to improve 
performances. Figure 3.19 illustrates the results of a motion tracking experiment, showing 
that fast and precise motion is possible. This is in part because of the actuator zero backlash, 
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Figure 3.19 : Position tracking, 0.008 kg.m2 inertial load, Kv=575 Nm/rad, 6^=4 Nm.s/rad and /y= 3 Nm/(rad.s) 
3.8 Discussion 
To enable improved physical interaction capabilities, the DDRA object ives w e r e to ach ieve 
high torque density, low intrinsic impedance, high force bandwidth and high fidelity force 
control. Using those metrics, Table 3.2 compares the performances of our prototype wi th 
avai lable high per formance E M actuators. 
Table 3.2 : Performance comparison 
DDRA prototype Geared motors1 Direct drive motors2 
Nominal torque density (Nm/kg) 5 3 to 28 2 to 7 
Torque to inertia ratio (Nm/kg.m2) 93 220 4 to 209 1899 to 8081 
Torque bandwidth (Hz) >40 N.A.3 N.A.3 
High fidelity force control Yes4 No Yes 
1- RHS/RFS, RFK, RSF and FHA-C series by Harmonic Drive. 
2- TML and TMM series by Etel, diameters up to 290 mm. No housing, bearing or feedback device. 
3- Typically less than 100 Hz for direct drive motors, but up to a few kHz for low inductance designs. In 
geared motors, backlash and elasticity lower performances. 
4- Torque imprecision equivalent to ±2.5% of the full torque range. 
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1) Torque density. The torque density of the DDRA prototype is arguably superior to the one 
of complete direct drive motor solutions (with housings, bearings and feedback devices). 
However, the one of high performance geared motors remains superior. Torque density 
is part of the reason why geared motors have become the common actuator choice for 
serial robotic manipulators. This suggests that before it can be used in such manipulators, 
the DDRA torque density should be improved. One way is to use higher reduction ratios 
between the motor and the output. This is possible because the prototype achieves 
160 rpm (table I) whereas joint speeds exceeding 30 to 45 rpm are seldom required for 
robotic manipulators. 
2) Intrinsic impedance. Table II shows that, among available EM actuators, the inertia of the 
DDRA prototype is exceptionally small. The intrinsic damping (not reported in the table) 
is also very small. This leads to an actuator with almost transparent dynamics. 
3) Torque bandwidth. The torque control bandwidth of the DDRA prototype is greater than 
40 Hz. This is substantial compared to the 7 Hz upper limit for humans [Chapuis et al., 
2009]. No bandwidth data were available for the EM motors of table II. As a reference, it 
is typically less than 100 Hz for direct drive motors, but can reach a few kHz for low 
inductance designs [Pons et al., 2005]. In geared motors, backlash and elasticity are 
detrimental and reduce performances. Higher bandwidth enables the emulation of stiffer 
impedances. Yet, it has been shown that an intrinsic damping also contributes 
significantly [Colgate et Brown, 1994]. For this reason, a performance metric 
encompassing the effects of bandwidth and intrinsic impedance could be useful in the 
future. This could be the frequency dependant passive Z-width [Weir et al., 2008]. 
4) Force control fidelity. Contrasting with most geared motors, the DDRA prototype is able 
of precise torque generation (Figure 3.15). Nonetheless, two detrimental phenomena 
occur. The first one is torque hysteresis (Figure 3.13) probably caused by magnetic 
remanence in the brakes. However, because care was taken in the design, it is relatively 
small and causes a maximum deviation of 0.5 Nm from the modeled torque versus 
currents relationships. The second phenomenon, probably caused by a particle migration 
induced by a magnetic gradient in the brakes, is that the measured torque tends to 
increase slowly through long trials to eventually stabilize at a maximum of about 0.5 Nm 
above the command. Both phenomena thus create a possible deviation of 1 Nm from the 
torque command, which represents 2.5% of the ±20 Nm range. W e believe that this is 
compatible with most robotic physical interaction scenarios. 
The objective to develop an actuator suited for physically interacting robotic systems led to a 
solution with very low friction, very low inertia and zero backlash. These same characteristics 
also make the DDRA suitable for high performance motion. For example, when compared to 
geared motors, the DDRA low friction and eliminated backlash contribute to increase 
positioning precision (Figure 3.19). Also, the DDRA low inertia leads to improved dynamic 
performances. Indeed, to optimize the acceleration capabilities of a geared motor, the speed 
reduction ratio should be chosen so that the actuator inertia matches the one of the load. 
Half of the torque then accelerates the motor rotor whereas only half goes to the load. With 
a DDRA built from the same motor and with the same reduction ratio, achievable 
accelerations are almost doubled because the actuator inertia is negligible. Moreover, until 
speed requirements become an issue, higher reduction ratios can be used to even further 
increase acceleration capabilities. 
3.9 Conclusion 
To address the physical interaction limitations of current robotic systems, this paper 
introduced a novel actuator concept based on the synergistic use of an EM motor and two 
differentially coupled MR brakes. As confirmed by our results, this approach enables the 
simultaneous achievement of high force density, low intrinsic impedance, high force 
bandwidth and precise force control, leading to a potential for safe, robust and highly 
versatile robotic interaction. W e believe that, in the future, such actuators, designed to 
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enable interaction, will contribute to increase the applicability and usability of robotic 
systems and help to address a number of relevant issues in domains ranging from 
manufacturing to health care. 
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CHAPITRE 4. CONCLUSION 
Ce projet de recherche avait pour objectif principal le developpement d'une technologie 
d'actionneur dont les performances correspondraient aux requis de la robotique 
d'interaction. Le cahier des charges d'un tel actionneur peut se resumer ainsi: haute densite 
de couple, faible impedance intrinseque, haute bande passante et haute fidelite dans la 
generation de force. Ce qui complexifie la tache, c'est que certaines de ces caracteristiques 
sont naturellement en opposition. Dans le cas des actionneurs classiques par exemple, la 
densite de couple n'est generalement obtenue qu'au prix d'une haute impedance 
intrinseque, ce qui rend difficile la conception de systemes interactifs performants. 
Pour adresser cette problematique, une nouvelle configuration d'actionneur a ete presentee. 
Elle combine de fagon synergique deux freins magnetorheologiques et un moteur 
electromagnetique. Deux prototypes ont ete realises puis soumis a des tests de 
performance. Les resultats demontrent que, dans le contexte de la robotique d'interaction, 
le prototype se compare generalement favorablement aux technologies classiques de 
moteurs electromagnetiques avec ou sans reducteur. lis indiquent cependant que des efforts 
de developpement demeurent necessaires, et ce particulierement au niveau de la densite de 
couple. 
Les contributions scientifiques de ce projet se situent d'abord au niveau de I'identification 
des requis pour les actionneurs destines a ['interaction. Ces derniers decoulent d'une 
synthese critique de la litterature. Ensuite, le concept d'actionneur imagine represente une 
contribution. Ce concept fait d'ailleurs I'objet d'une demande de brevet selon le protocole 
PCT [Fauteux et al., 2009b]. Un troisieme apport se situe au niveau de la caracterisation des 
performances du prototype, et particulierement au niveau du controle en force. Ces 
resultats pourront, dans le futur, servir de base comparative. 
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4.1 Recommandations 
Cette section dresse une liste des pistes de developpement qu'il serait interessant de 
poursuive dans le futur pour ameliorer les performances du prototype, mieux caracteriser les 
performances puis les valider dans des applications concretes. 
1) Resoudre le probleme de fuite. Les chambres contenant le fluide MR du prototype 
sont scellees par des joints tournants. Ces derniers laissent s'echapper de petites 
quantites de fluide qui se retrouve dans le mecanisme et en favorise une usure 
prematuree. II s'agirait de revoir le choix des joints puis de modifier, selon le besoin, 
les pieces avoisinantes. 
2) Augmenter la densite de couple. Afin que les performances de la technologie 
developpee se demarquent substantiellement des moteurs a entrainement direct, il 
serait necessaire d'augmenter la densite de couple. II serait d'abord interessant de 
reviser le choix du moteur, car sa densite de puissance n'est pas suffisante. II faudrait 
ensuite reviser le choix du rapport de reduction de vitesse. Le prototype integre 
atteint 160 rpm alors que des vitesses superieures a 30 ou 45 rpm sont rarement 
necessaires. II serait finalement pertinent de revoir la conception des freins pour en 
reduire la masse. 
3) Caracteriser la plage d'impedance passive (passive Z-width). La passivite est un critere 
conservateur qui'permet de garantir une stabilite d'interaction avec presque tous les 
environnements. II serait pertinent de chercher a connaitre la plage des impedances 
(fonction des frequences) qui peuvent etre reproduites en respectant le critere de 
passivite. On pourrait ensuite s'y limiter avec confiance lors des interactions. Cette 
metrique constituerait egalement une base comparative tres interessante pour les 
travaux futurs. Un banc de test a ete fabrique a cet effet, mais il n'a pas ete utilise en 
raison des problemes de fuite de fluide dans le prototype. A noter que cette plage 
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d'impedance passive pourrait probablement etre elargie par I'utilisation de frein MR 
a plus grande viscosite. 
4) Ajouter un frein de securite. Pour que I'actionneur soit utilisable dans le domaine de 
la robotique industrielle (et dans certaines taches de robotique de service), il sera 
necessaire d'imaginer une solution pour bloquer la sortie en cas de panne de 
I'alimentation electrique. Une solution envisageable est I'utilisation d'un troisieme 
frein MR entre la sortie de I'actionneur et son bati. Un couple pourrait etre garanti en 
cas de panne par la presence d'un aimant permanent. Un courant circulant dans un 
enroulement de fil a proximite permettrait d'annuler selon les besoins le champ 
magnetique genere par I'aimant. 
5) Integrer dans une application. Afin de valider les performances et de favoriser le 
developpement de la technologie, il serait pertinent de demontrer I'utilisation des 
actionneurs dans une application concrete. Au niveau du controle en position, il 
s'agirait d'imaginer une tache ou I'on pourrait demontrer un gain de rapidite ou de 
precision, tel que la manutention de pieces, I'application de peinture ou autre. 
Cependant, un gain en controle de position sera probablement plus difficile a 
demontrer de fagon convaincante qu'un gain en performance d'interaction. Au 
niveau du controle d'interaction, on peut par exemple imaginer les taches suivantes : 
• Assemblage a I'aide de I'information d'effort 
• Tache synergique humain-robot (guidage dans une tache ou physiotherapie) 
• Enseignement manuel d'une tache (peinture, polissage, assemblage ou autre) 
• Manipulation dans un environnement partiellement inconnu, dynamique ou au 




Les systemes robotiques capables d'accomplir un travail utile en influen?ant mecaniquement 
leur environnement se retrouvent pour I'instant confines derriere des grilles de protection 
dans les usines de production de masse. Dans le futur, ces systemes pourraient evoluer et 
devenir plus aptes a cohabiter et a cooperer avec les humains ou parvenir a de meilleures 
performances dans les taches qui requierent un controle de la force. Ceci demandera une 
modification des approches de conception et tres probablement une revision du choix des 
actionneurs. Des technologies telles que celle developpee, favorisant une amelioration des 
performances d'interaction, pourraient alors contribuer a etendre le champ d'application des 
systemes robotiques et, par le fait meme, aider a resoudre des problematiques varies 
touchant aussi bien la productique que I'administration des soins de sante. 
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